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An cnginccring  pmtotypc  ]incar ion t tap Jlcquency  standard  (J ,1’J’S-4)  using ‘ggJ lg-t is
operational and currently LJndcr test for NASA’s l)eep  Space Network (J)SN). ‘J’he I)SN
requires high stability and reliability with continuous operation. I/or practical considerations
opt ical pumping and at omit st atc select ion are accomplished with a 2021 lg+ J{F clischargc
lamp, and the trapped ions arc cooled to near room temperature using a }]clium buffer gas.
‘J’hc standard is closely modeled from earlier research standards 1,l”J’S- 1 and 1.1’J’S-2 w}ich
have demonstrated cxcellcnt  Jlcqucncy  stability for uninterrupted comparison intervals up to
5 months.

‘J’hc leading maintenance and longevity issues pcr[aitl to lamp and vacuum pump lifetime.
]’rogrcss  has been made on lamp fabrication, w}lich now have a dcmonst rated lifet  imc of more
than t hrec. years. l’ump maint enancc  is accomplished without venting the main vacuum
sys[cm, which should require no maintctnancc for at least 10 years, ‘J’he control  c]ectronics  are
built Jlom commercial products where feasible, and engineered subsystems arc modular for
easy rcplaccmcnt. ]n the near fllture, the same electronics will also bc used with the ncw
cxtcndcd linear ion trap configuration currently under development which should greatly
rcducc  the size ofthc standard and fhrlhcr improve long term stability.

‘J’hc trapped ion fiequcney standard can operate with a variety of local oscillators(J  ,0),
including a quartz crystal, a cryogenic dielectric. resonator oscillator, or a hydrogen maser.
‘J’hc 1,0 currently used in stand-alone opcraticm in the IISN is a BVA SC cut quartz crystal
oscillator with a Jlaclional  J7cqucncy stability of 1.2 x 10“]3 Jlom 1 to 100 seconds, A time
to anahguc  converter and integrator is used to generate the high resolution contro] voltage
nccdcd  to steer the VCXO once each interrogation cycle (approximately 7 seconds). With
a quartz,  crystal 1.0 the 1,1’J’S-4/VCXO  fractional frequency stability passes into the 10-]6
stability region at about 1 day. Stable output signals are provided to DSN users at 100 kl lx,
1 Mllz,, 5 Mtlz,,  10 Mllz,,  and 100 Mllz F’rcqucncy stability, reliability, and sensitivity to
pcr[urbations  will bc presented.

‘<rJ’his work was performed at the Jet Propulsion 1,aboratory,  California ]nstitutc  of
‘J’cclmology,  under contract to the National Aeronautics and Space Administration.
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f’lbstI  act

An cl~p,incci-ing  prototype linear ion tlap fi-cqucncy  standad
(1 .1’1’S-4) using 1991 lg+ is opcl-aticmal and cumntly undcl tcsl
fw NASA’s I )ccp Space Nctwmk  (1 )SN).  ‘1’hc I )SN rccluit-cs
higl~ slahili[y  and l-cliability with continuous opcratiou. I’m
IJract ical cxmsickx aliens optical pumping and atomic stale
sclcclion aI c accomplished with a 2021 lg+ 1<1; discharge lamp,
and the t! appcd ions arc cmlcd  k) near mm tcmpcI atulc
usinp, a helium buffer  gas. ‘l’he standard is closely modeled
i“om cat lict lcscatch standards 1 ,1’1’S- 1 and 1 .1’1’S-2 which
IIavc dclnonstratcd  cxccllcnt ficqucncy slability l-or
unintcmptcd  Comparison  intervals up to 5 months. 1 huing  an
initial 135 day t e s t in the 1 JSN, 1 .1’1’S-4 opcratcci
continuously usinp, a quart/  clystal as the local oscillator.
I{cccIIt  sig~~al 10 mist mcasurcmcnts  indicate that a short
t wn stability of OY(T )= 2.OX 1 [Y14/T  1’2 can be achicvcd when
opcwtcd with a suflicicnt]y  stable local oscillalw.

]ntmductifm

‘J’he NASA 1 )ccp Space Nctwok  (1 ISN) is used t“w
c(~l~~l~~~lllicatiol}  and tracking, of a valicly of spaccc]aft
tl)wuglm(  tllc solal syslcm ‘1’hc complex cmsisls  of tlwcc
Sip,nal }’mccssing  CcntcIx  (S1’C) l oca ted  a t  Goldstmc
(:alifomiaj lJSA (SIT-1 O); Madl-id, Spain (SIT-60);  and
‘1’irlbinbitla,  Australia (S1>(;-40). At all times, each station
(which may consist of scvel-al  anlcmas)  opcl-atcs from a single
a[m Iic flcqucncy standm. }:or ~cdundancy each station has
f(mr standalds,  two Smithsonian Astrophysical ObscnJak)ly
(SA()) hyh ogcn mascm 116], ancl two 1 lcwlctt l>ackard
ccsium standatds. Stability rcquilcmcnts langc from less
stl ing,cnt needs fw navi~ation, to the much mwc demanding
IK4XIS  of VcIy 1 mg l~asclinc ll~tcrfclc~ll~ctlyl (V],1 11) and ]adio
scicl Ice cxpimcnts.  ‘1 ‘hc standards operate wmot cly fioln .lI’1,
I cquiring tbal the clocks bc transpmlabl~,  o p e r a t e
a~ll[~l~(~l]~(~~lsly, and bc very I cliablc.

‘1’his  papct rcpmts on a pKJgI am to develop an cngillccring
plototypc fl-cqucncy  standard fcr the 1 )SN based cm the 40.5
(i] IY. gmmd state hypcilnc  transition of 1’91 lg ions Ions
cmfincd in a bap allow fm long intcnogatim  times and high

atomic line Q. Continuous opcratio)l is practical using a 2021 Ig,
lat np to gcliclatc 194.2 m] ladiation for atomic st atc select ion
[ 1 ] and helium butTcI gas fw ion cooling {2][3]. 1.onl<  tcm
stability is possible since tbc large 40.5 G} 17 2S112(li’  0,111[: 0)
to 2S,,2(h’= 1,m}  =0) ground state hypctfinc transition (Jiig.  1)
is ICSS  susceptible k) magnetic and 1 k)pplcI  shifts  in IIICI  cuIy
than in lighter akms.  ‘1’hc lincat ion t]-ap provides a way to
illclcasc t}lc dctcctcd flumcsccucc  signal to noise (s/N)
without increasing the second cwdcr 1 Xy~plcI- shif[ [41. “1’hc
hypcIIiI~c transition is intcmgatcd  using, Ramsey succ.cssivc
oscillatmy fields with two 0.4 sccmd micmwavc  pulses
scjwatcd  by an intcm~gatim  time ‘l’R l-anging fi om of I to 30
seconds.

‘1’hc short  tcm fi actional ficqucncy stability of the passive
ii cqucncy  standatd can bc expressed as

OY(T ) = (2/n )(l/Q)(N/S)  (’fC/T)l’2

whcI-c  I is tbc averaging time, Q= fO /A f,
Ramsey ilinp,c wid(h,  f. =  4 0 . 5  G] Iz,

(1)

A f is the ccnttal
S = peak ion

fhKm&Kx,  l_3 backgmu~d light, N = (S/2+ 13)”2, a~ld ‘l’c the
cycle time.

Several stabili[y and cll~il-(~lllllclltal  sensitivity mcaswcmcnts
have been pcrfomcd  using cadicl rcscalch  standal ds 1 .1’1’S- 1
and 1.1’1’S-2 15,6,7].  A SIIOII tcm ficqucncy stabilily of
7 x I ()-14/1”2  }las bCCII ]ncasurcd and unintcwuptcd  stability

J
F=l

6p2F{,2
F=O

194.2 nm I

I
b f==l

40.5 GHz 6s 2S,,2
F=o

l;ig,urc 1: Simplified 1991 lg+ cncI-gy  lCVC1 diagram
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Cxunpal  isons  f(u avwaging  in[cwals  up to 5 months made
a~ainsl a cavity ccmpcnsatcd  lyh ogcIl  IIIaSCI ICfCI cIIccd  to

NIS’I’-IJ’J’C  [8]. “lhc stanctatds, 1,1’1’S-1 aad 1,1’1’S-2, ha~,c also
been used cxlcnsi~cly to cxalninc opcratim,  I c]iabili[y  and
lnaillkmalicc issues,

‘1’hc  cngiljccling  ]MX)totylJc,  1,incar lon ‘1’lap Standat d #/4
(11’1’S-4) is modc]cci closely fiwn these cadicl .I1)I,  ] cscalch
st andads  14,5,6]. ‘1’hc design goals ad(hcsscd the pmctical
il]ll>lc>lllc]ltatioll  issues of l-cliable continuous opt] alien,
b anslmtabili(y, and lllailltaillat>ilit}~. ‘1’hc She l l  (Cllll

lKV fCKIIIRIICC p,oa] is  to maintain S&  to achic.vc  at  Icast

Oy(l)’  7xlo-14/T”7. lillvilc)llll]clltal  isolation and clcctlonic
rcp,ulation l-cquilclnmts  were dclivcd flom nlcasutcnlcals
will] 1,1’1’S-1 and 1,1’1’S-2 16]. “1’hc long ICI-III  stability design
p~)alis {c>acl~ic~ca l~avc)agc  flt;qllc{~cydlif(ratcof less than
] XI()”16 / day, a  factcw of 30 impmvcmcnt  OVC1 hydtogcn
mascvs p]cscntly used in the I)SN.

II”hc l,itlc:ill orl”l’]alJ[g !dl’tlysicsl’a ckagc

‘Ihc physics package contains the ion t{ap, optics, and
\’ac~][ll~l, al]cill~agllc[ic  l>iasc(Jils. l’llctI-alJ{J1~clatcsa[  1 MIIz,
:Ill[lis tijcs,wllc >sixcascat-licl vc]siol]s  [4]. ‘1’hccntircllap  and
optics syslc]ns  al-c sunoundcd  by ]clativcly lal-gc magnc(ic
sl~iclds it~au~l~fig~watiol~  sil~lilar tol,l’1’S-l  andl,lrl’S-2 15,6].
'l'llcllllllllJcr c~fslliclcls llasllccll  illcl-casccl fi()l]ltl]rcc to five
laycvs ilnpmving the longitudinal ditl’crcntial shicldin~ from
800 (in 1 ,1’1’S- 1 ) to 20,()(K).

'l'llc.il~~al  u>llb(>l \\asitlu)l~)ola tcdil1t()t}lc  pl~ysiespackagcto
Cmltlol the tcmpcratulc of the trap \Jacuum syslc]n, t he
lnagnclic  shic]ds  and sensitive trap clcctrmics  to (),1 “C.
‘I’llclllinll c~lllati(~llis accoll~l>lisl~cd  ~;itl~a’ l’llctlljol; lccttic
(:oo]ct (l'l;(:) 1Jl[)viclitlg8  tllcll]lalg airl(~fgtcatcltll  al]2(),

‘1’IIc  1,1’I’S has stl ingcn( vacuum I cquilcmcnts  with a required
l)asc l,]cssutc of almut lX1O-”  ‘I’m,  ‘1’hc s(andald opclaks
wi[h a ]ncl-culy background prcsswc of about  SX1O-10 ‘1’oII

and a hcliuln pcsswc of about 10-5 ‘1’err, McrcuIy vapw is
gene]  aIc4i  by healing  a small  salq]lc  of 1 lgo  to about ‘200” “(;,
‘1’IK  helium buftel- gas is int]oduccd and stabili~cd  by Gon(m]
of:\llc:itc{l(  lll<wt/,llclilllll  Icak. 101)s alcgcncra[cdby  CICCtIOII

l)oll~l~atcttllcl]tfic)lll an cxlclldccl lifclalltllal~u[~ ~h~xat~oridc
Catllodc.

‘J’llc))~ziit~tlal>alI(l  ~actllill~s ystcl~li sdcsigl~cclt ot~cscr~icc
fwc fol at least 10 ycals. Fm redundancy , dual clcctmn
SOLUCC  and iol)ga~lgcfilal~~cllts alc iacludcd, Vacuumpulnps
alc m] a valved manifold  separate fkm the trap lcgioll to
allmv fw pump mainlcnancc, ‘1’hc valved manifbld  caa
acc~~l~~l~  l(tiatc tt+’oil~dcj~cl] dcllt ptunping  s~~stcl~lscollsis[it~[:c~f
citlw at{lltJ{>lll(~lcc[llal-f (>l-clllllllll  anctk wan io]l-gcttcj~>~ltlll~
collll)iilation. 1 , 1 ’ 1 ’ S - 4  clm’cntly opclatcs w i th  a

t[lrl>(>-f(~lcl~tll~~l>  systcm  ]cquil”ing a SIKM-I  lnaintcnancc period
cvct-y two ycam. ]kckical povm  to all of the IIcatcm,
filaments, and a vacuum isolatiot~ valve, is interlocked to the
vacuum p MSUI-C  as read by an ion gauge contl OIICI.

~ilcc[rflnics

A majol’ focus of the cnginccrin~ program was the
dcvclopmcnt  of l-cliab]c a n d  stab]c  clcctmnics,  fbl trap
opct ation, micmwavc  intcn ogaticm, and contm] of the 1 ma]
(kcillatol- (J,()). At)l(wk dia~mllo  ftl~ccl cctrollicas  scll~l>lics
il~tc]faccd with t}lc physics paekagc  is shown in l~ig. 2. ‘J’O
Iltinimkc ctcvclopmcnt time and cost, conuncrciat  clcctmnics
,wl(iw)ll~l~(J1  ~cllts\vctetl.wd when fcasihlc. Major comnclcial
c(~ll~l>ol]cl][sil~cllldca VXI il}stlllltlcl~[ atiO1}sy stclll(iilclL1dcs
II IASIC con(i OIICI, countcm,  1 )AC, RS-232 cc~lll[l~Lllli(;atioll,
,wld mullimctcl’), ,am ion gauge contm]lc], 7 MIIY, synthcsiz,cl”,
lil(~lli(c~lc [~llll>~ltc>l, arlclt}lcllllal controllcl.

Many clcctlmic  assemblies WCIC also developed in our
labmalmy, including clcctmnics spccitlc  to the trap and
c<)t~tiolof tllclc) caloscillatol,  ‘I’ocx])c[iitcd ci?clol~ll~c]]t time,
tally ccmccpt  sandbrcadtmalds  t+clctcs[cdor~l.I’l’S-l  and
11’1’S-2. Maj(~lt lal~clcctlc~l]icsta sksi]~cl~l(lcdgc  llclati()llof
stable tlal>l)itlp$l~otc~ltials,  a fllamcnt d!-ivcl fcx ion l~i~dil~g,
CUII cnt source fim gcnclatin~ the opc)ating magnetic field, the
40,5 (illz synthesis chain, and the lamp 1~(~1$’cl-c{l(~lillg
sysIcm otbc]nlajol clm,b(~llica  sscll~t~licsd cvclol>cci wcwthc
IIlainpowc] supply, pbysicspackagc  thcmal  control, local
()scillat()]c  <)l~ti[)l,ml ddlcl{t~di  stlit~lltiol~t{~ tllc1)SN. Smallcl
clcdmaic assctnh]ics were packaged i~l standaidizcd  modulal
cnc]osulcs  and located in the physics packa~,c. 1 ,algc
clcctlc)llica sscl~~blicsm  ctc~~ladcrac krl~()~lt]tablcal~d  ]csidc
il~.anadjawmt clcctlonics rack, All clcctlonic  asscmb]icslisc
s[allda~diz,cd lNWCI,  cdlol, ad nlol~itor  conncctioas  to

altowingfo~ casytl()~lt~lcs ll[)c)tiilga  r~dxtlai~ltct~at~ccc l~a~~gcs.
A ]IWC  dctaikd clc.swiptim of the clcctl onic ]cquil cmcnts and
cllf,ir)ccl cdasscmh]ics  \\illt>cl Jlllllisllcdc lsc\+’l]cl-c[ 14].

lll!cnogation Cycle Control and Monitm: ‘1’hc I13AS1C
colltlollctin  thc}lt]  VXI-13  i[ls(llllllclltati{lll sys(cmcontlols
the clock intcnogation  cycle. A shell p]ogtam dcfiilc:s  the
ollcuating and tiining palamctcrs for ion intcrlogatiol~ and
dclcmincs  collections to keep the local oscillator on
f’cqucncywith  the ions. ‘J’hcpmgram  is slightly modified
\vhc])  di~ct cnt local oscillatws atc used

A separate, incxpcnsivc pclsoaal  cmnputcr is used as a bcal(ll
and monitol”  s-ystcm. Ckitical opct-atil]g va lues  (c, g. light
counts, vol(agc  ICVCIS,  and 1,[) frccplcncy CIIOI  values) alc
passcct f r o m  t h e  VXI to t he  monitw computcl  cacll
nmasurcmcnt cyclc(typically7to  12sccm~ds).  Monitm data
is\\littc~l tottlcl >Cllarcldli\,cat}d  available folli’I’l)t  latllsfct
to OLIr  laboratmy for  analysis.  A ca]~abili(y  to set slam

]~:lrar[lctclsa  l~dllotifytlscl-s  ofal~ollla]otlso  ]~ctatiollis  also”
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Masm [kcillatm.
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ltip,utc 4: ‘1’hc 8 sccmld Ramsey iutcrlo~atioll  signal fi on) the cn~inccj-il~~  pmtotypc 1,1’1’S-4 (cycle time 12
SCCOMIS). ‘1’his sigual  to noise  and line Q COIICSIKMKI  h a  s t a b i l i t y  o f  2.()  x 10-’4/1”2
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included 1:01 l-cliability, thcm is no hands] laking bctwcm the
VX I and the monitor  con]putcl.

1 .ocal  (kjltatw Contm]:  ‘llIc I>crfomancc  o f  t h e  1  ,ocal

oscillatm  (J,()) }Ilays  an important mlc in the achicvab]c
pclfo] mancc will) a passive atomic frequency slamtald  [ 1 1].
Most of the m licl clla]acicl-i~,aliol~ of trapped ion f’cqucncy
s(anda]-ds was pcl-f(mncd  using hydmgcn mast]-s f(w the local
oscillalol’, (bough quartz cpm[al  and sll]~clcolld~lclillg
diclcc(l  ic ] csonatom have also been used [4>12],  ‘1’hc
cn~illcci in~ pmk)typc has the capability of intclfacing to any
of tbcsc 1 ,(Ys and the intcmga(ion  cycle and 1,() attack time
is optimimct  fol” each l,0 with software. 1 ii(llcl (hc qual tz
c@at w a 1 l-mast] sutTcc as a l o c a l  oscillalm for
continuous opclatiom l’mscnlly, the 4 KclvIt~ clyogcnic
diclcch ic I csunators opclatc unpcr(u]bcd  ont y as lon~, as the
hcliuln l)cwal  hold time.

l:ipya c 3 shows the cxpcctcct pcrfomancc  of a tlappcd
mctcuty  ion s(andald operating with S/N cmcsponding  to a
a s[al~ility of 7x 10-l”/T  1’2 ~lsillgtlllcc(liflclcllt local oscillatol”s,
a V(;X(), :llly(llc)gclll l~ascl, at]da SLll}clcO1ldllctil~ g(:a\ity
Masct oscilla((Jl(S  CM()). With a VCX(),tllcsll()l-[tcl-11~
stat>ilily alltlstcclitlga lgot-itillllcal  gwatly impact thcstahility
1111.  I’01  tinm lonp,m than 10’ seconds, the acbicval)]c
stal)ili[ywill t>cdctcl~~lit~cd  allll()st cxclLlsivcly bytl~cl,l'l`S,
A similar though smallcl- degradation msultsfrom  usinp, a
hydlogcn mascl as the 10. ])cpcnding  on the shm( tcmn
silty of the lnascl”, the trapped ion pcl-fomancc.  of
7x]()’i/11’2c ancasilyl,cd  cgI-:ldcdtc)  lxlo’]/%]  ’2. Withan
S(;M( ) as the 1,() [ 12] the ft]ll shod tcm slahility of the 1,1’1’S
cat] hc chalactclizcd,

l~olst}iil(ta  lol~cc~l~clat i(]l~” IJ’J’S-4USCS  astatcofthcatt13VA
S(’ cut 5Mll~, V(:X()as  tllcl()cal ()scillatol-, M~llti1>licati()l~
and division of the VC,XO outpul  pmvidcs  tbc required
(listtil)~Jlioll  fic(lucllcicst(  ~tllclJSNato.  1,” 1,5, I(),and 100
Mlk (h~coftllc  100Mll/,  (~tltl>llts }>l-c~\idcst l\cs{)tirccsigl~al
fw tllcllltlltil>licati()l  lcllaill  ul]to4().5O7,347,996,8xx  (illy,
to il~tcllo~ltctllciol~s.”  ‘1’hc V(~Xoiss tccrcdaftcrcachicm
intcwop,ation cycle in a ficquclicy lockl[)oj>totlacktl~cioll
atmiclinc. 'l'llclligll lcs()lLlli()llv  ()ltagcc olltlolof  tllc(l{lal-tx
ct-ys(al oscillatm is accomplished with the usc of Time to
A~~~il(~g~]c(~ollvc)tcl (’I’AC)  cc)llsistillgc )facc)l~~ll~cl-ciall  ~lllsc
p,cncl’atm a21dacu2~cllt  integrator  [13].  ‘I’llis tcclllliqLlc allo\\s
stcc]inp,  the VCX()  with a lninimum cmccticm step of
lxlo-17,  yctl~lo\idcst}) clailgct~) stccltl~c” VCXofbllnow
thali S yck without adjustmcni,

initial chatactcli~ation  and opclation  of 1,1’1’S-4 in OLU

lalmatmy  was pc]fomcd  using a hydmgcn mascl- as the 1.0,
A sigllal t()l]()isc  l-atiowas acl~ic\cclt ()~>]{)dllcct l]cdcsilcd
l)c]fmmancc  goal o f  7x10”[4/1]’2. Rcccntly, ful”(hcl

optimization of lamp opcl-atim has pmduccd a very la! gc MN
a(m~ir~tctlog:lti(  ~]~titl~cof0111y8 seconds. l~igu1c4  showsthc
40.507,347,996,8xx  Gllzllliclo\$a\’csig llaltll  atusill{~l;(l. 1
l>]tiictsa sll()ttt cIll~stability( )f2,()xl  0"14/~'  '2. l~o]wl’crcncc
tl~isl>cl-f(~]l~~  al~ccissho~~’1~ asadashcd lincintigutc3, ‘1’wo
l,l'l'S s(a]~dar(ls  llsitlg ctyop,cllic diclcctl-ic rcsol~at()l-l (l's \vill
bc lcquil cd to clircc.tly mcasul-c this pcrfm ]nancc.

!nitial ljxpclicncc in the 1 )SN with a cl-ystal  oscillatw

k’o] cady opcl ational cxpclicncc  in the 1 JSN  cnvirwmcnt,  the
cnginccrin~  pmtotypc  1,1’1’S-4/VCX() was moved to the
Goklstonc,  CA 1 )SN cmnplcx (SIT-  10) in Scptcmhcl  1995
and opclatcd continuously until it was l-cturncd to ma test
lahmatmy  ill F’cbrualy  1 9 9 6 . opt]-at ion was twicfly
il~tcll~l]~tcd f(~](~l~c da}] il~N()\~cl~~bcl-  d~lct()a schcdukdpowcl
s] IUt (low  1,

1 )u]ing shipping, to S] ’C- 10, the vacuum sys(cn]  valves wc]-c
closed and the pumps WCI-C  offfm  approximately 9 lKMS
while it was tlanspmtcd to the s(ation. (pcvious  standards
have hccn valved off fb] weeks with no signitican(
w)llwnclllcllccs tos(allu]>l ~clfollllallcc).” Totaltinlctomcablc
the physics package to the clcctmnics rack, power up, acquire
tl]cll~iclowa~csi~:l~al,  andputthc VCXC)ol~fi-cq~lcl~cy\\as
about 3 }KNKS. ‘1’hc s(andard  takes about 48 lKNNS  to come to
thcmat  equilibrium and tbc best long tcm stability
(<]x]  ()-16/day)  can bc achicvcd in approximately 10 days.
])llllll@, t h i s  13~  d a y  tcs( stability comparisons were
J)el"f(]l-ll~d  ()l~allilltcllllittcllt t~asisbctwrccl]  t}lc].]'1'S-4  iin(]an

SAohy(ltogcllrllawl”  tlsii~g tclll}~c~I-my  l~~caslllct~~cl~th ard\\a~c
cxlcmal to the 1.1’1’S stanc]arcl.  Fm parl of the 135 day
(l(ltatiollfl lcI,l’1’S-4/VCX()  5Mllz output wasconncctcdto
a ‘J’ulbol{oguc  (+l>S wccivci  fm c o m p a r i s o n s  to nthcl
standalds loca(cd around the world  [ 15].

()}]clatil~gl  >alall~c(c)ss~lcll  asiol~flol-cscc]~cc,”  vo]tagc,  a n d

tcnqlc]atulc  ICVCIS WCIC cxanlinccl  obscwcd  daily in our
lat~c)ra(c)ly  il~l)asa(lcl~a, Califolllia Sixty-fotlrc  hallllclsofd ata
wwl-c collcckd by the monitor Computcl  each intcm)~ation
cycle and saved into onc hmn files. ‘1’hcsc files WCIC
trttllsfcllcdto  JI’l,da ily\riattl cI~~tcrl~ct, Stability data fi-om
t h e  tcnqm.aly mcasulcmcnt  syslcm  WCK also gathclcd
lcmotcly. k’igulc S shows the measured stability bctwccn
11’1’S-4/VCXOa  ndthcVl, (i-11 hydmgcn  n~ascrSA()-15
[16Jfi)t  a10dayilltcl-\al, ‘I’tlcs}~ol-tt c)l~~l~clfollllallccsll(~~~ll”
lcsLllls fi{)l]] fllca\~ailat>lc qLlallz, clystal I.() andthcfiwt  ordcl”
steel-ingloop [11]. lJolavcl-agitlgt illlcsl [)l}gcrt lla1140,00()
seconds the ol~scjvcct long tcm stability is duc to the drifl of
tllc SAollydlogclllcf clcl~ccl]lascl° [8], lJigl)i-c5alsos}l(~\\s
ttw siability cmmpalison  with the lincat cmnponcnt  of the
n[ascr  dlift mnovccl.

} ICfol’c the INN  test, the only characterization of
lJ’1’S-4/VCX0 against asccondl,I’l’S stalldal-dissllo~~llill
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]iip,lllc 5. ‘1’his 3 day coln]>arison  againsl  1,1’1’S-3 (using  an
1 l-l]mscl  I,()) [2.()]  shows the stability of’ the crys(al 1,0 based
1,1’ 1’S-4 passing into the 10-]’ ckcadc at about a day.

1 hlvilonmcn(al Scnsi(ivjty

A fhll charackx  katiou ofthc 1,1’1’S-4 cm~immmnt  al sensitivity
and optimization of opclation  paramctcls is cuwcn(ly being
pcifiu med. ‘J’J1c  foul latgcst ficqucncy  ofTscts [6J al c 1 ) the
ma~,llct ic field shift,  2) the 2nd Ordcr 1 >opplcr shifl (due to
thmwd am] dlivcn ion motion), 3) a smallel I lclium p cssut c
shifl,  and 4) a vc]y small light shift dLlc  to the ]wcscIIcc  of

SOIHC  lip,ht fi om t h e  discbat-gc lamp dim s(atc during
lnicl LNvavc intcl mgation,

in (IK lwcscnt physics packap,c configuration, the lnagnctic
shic]dinp,  is  suflicicnt t o  reduce cxtcma] fluctLlations  by
20,000.”  At the curl cud “high field” opcl-ation  of 50-80”  m(; the
scl~silivity  to cx(crna] fluctuations is 2X 1 ()-17/mG.  Al] efforts
wci c made 10 eliminate possil)lc stl ay culr cnts O] p,t OLUKI
kwl~s. ‘1’hc vacuum pumps ale isolated from the tlap vacuum
wilh a glass hwak. l;UtL]IC VCI sires of the physics package
118,S] will opc]atc  at much hmvcr  magnetic fields ] educing
licki sensitivity even mm c.

‘1’hc  wxmd  order 1 k@cI  shift will most likely he the cull CM
limitation to vcty long tcm stability. 1 .ong tcm stability
I cquims the ion numbc]”  (and tcmpclatul  c) to be kept stah]c
ovcl the lc]lgth of the avcl aging interval. ‘1’hc ion uumber
depends 0]1 opcmting pammctcls, tmp WCII depth, ion load
and loss l-ate, and the condition of the vacuum. ‘l’he elect m]]
CU’I  L’ttl used to ioni~c 199 lg atoms and the tcmpclaluw of the
11P,() SOLU cc arc l-c@twl  “1’hc aging of the vacuLun  systcm m
chmlf,m in tl)c 1 lg plcssurc  as a function of 1 lgO tcmpcra(ul  c
Ovcl’ time ale 1101 contmllcci. ‘1’hc longest continuous stability
mcasulclncnl  to date in this “open loop” opcl-ation  is the 5
lnonth com])alison bctwcm 1,1’1’S-2 and a cavity cmnpcmatcd
hydf t~~cn maset S’1’S(;-  1 [ 17] I 8]. Ovcr this 5 month intcwal
tllc 1 clativc long tcn~~ drif( w a s  mcasulcd  t o  bc
2.1 (().8)x 1 ()-] ’/day. 13 CCLWSC of impmvccl shielding and
clcctl (mic stability the cngincc] ing pototypc 1,1’1’S-4 should
lM oducc a long tcrln stability better than 1,1’1’S-2.

~1’llc] 1) lal Sensitivity Almn~aly;  The ficqucney sensitivity to
thcttml variations in the carlicl rcscareh 1,1’1’S-  1 and 1,1’1:S-2
\villl no thcmal  regulation was about -1 x 1 ()-ld/<’~.  initial
tlm Inai scmsitivily mcasulcmelds  with 1 ,1’1’S-4 shmvcd the
thcmal scilsi(ivity to be as high as Sx10-]4/c’~ (with the ‘1’1 t~
ofl), almos[ al] order of mag)litudc  highcl.  a n d  t h e  sign
opposilc thm cxpcctcd.

1 ially opcmtion of 1 ,1’1’S-4 was set LqJ to maximum  the

dctcc(cd  signal  to noise  ratio, ‘1’hc  SOUICC  of the highel-  than

cxpcetcd thcmal  sensitivity can bc scclL in l;ig. 7 which
slmvs the thc]lnal sensitivity correlated with the signal siz,c.

As the h ap])ing  potential is changed, the WC]] depth, and
thcrcfoj  c the ion density and tcmpclat wc come to a ncw
cquilibl-ium 11’01- vcI-y lai gc ion clouds, small variations in ion
]Iumbcl (due to val-ying load and loss rates, ]-csulting fl om a
I’acuum wall tcmpcraturc  change) can have a lal-gcl effect,
than the same val-ialions fo] a few ions along the tlap axis.
Figwc  7 shows the signal size as a flmction of N’  t]apping
potcntia] cxp csscd as a calculated AllaIl deviation for the 8
SCCOIK1  il)tcrogalion  time. At an operating value of ] 75 Vrms,
high pclfmnance  of OY(I  )=2x 1 (Y’4/Z”2  is associated lvith a
Ulcmlal  sensitivityofSx10“]4/0~. l;O1 most applications, this
f cqLlcncy  pcl’fomancc  is totally masked by ]ImItat ions of the
local oscillator, so by opcl sling at a lmvcl well dcph, e.g. 110
Vmls,  we can slill maintaiu a pcl-f(mmancc of
Oy(l)=  5xlo”’4/T”* with a thcnnal  sensitivity bclmv
1 x 10“14/c’~. ‘1’his  unregulated sensitivity is about the siii\]c  as
the fully lcgulatcd sensitivity of the hcst hydmgcn  masers
cumcntly in the 1 MN. ‘] ’hcsc  ma.sm ]cqLlilc thcmal  ]cgu]ation
to 1 ()() micmKclvim ‘l’he 1,1’]”S impmvcmcl)t in lent< tcm
slabilily by a facto] of 30 call bc aehicvcd  with 1011}< tcrtn
thamai rcgLdation of only 0.1 o~,

l~eliability  and maintainability

‘1’IIc clcctwnics arc cmuncwial  m modula]  and easy to rcplacc
if ncccssaiy.  ‘1’hc standard opcI atcs continLloLls]y with a
phySiCS  l)aCka~C that S]lOLI]C]  lC(lLlilC lL() VaCLILllll OpCIlill~S fOl
10 years “1’LLIbOpLIJTlp maintcnanec  will need to be pcdhmccl

011 ahoLd a two year intcwal  to lub]icatc  the main bearing, 01
altcmativcly to switch to a second pLa~~ping systcln a((achcd
to the manifold.
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lJigLwc  7: ‘1’hcmal  Sensitivity of the uncontrolled 1,1’1’S-4
p]lysics package as a function  of tlapping potctltial.  Also
shown is the Allan IJcviaticm based on sig~lal si~.c changes.



‘1’hc  lamp ~tlay rcqui]c  periodic adjushnmt o] mplaccmcnt.  A
laml, lifetime of more than 3 ycal-s was achicvcd in 1.1’1’S-2,
hu~h the lifetime can bc sigt[itlcantly  lcduccd by impmpci
falwication 1 xmg lamp life is ccmcla(cd to quart/  quality,
cleat Ilincss, and mos( importal~tly, 2021 lg p Cssurc. l’1’csclltly,
the po\vcI to tbc lamp is switched bctwccn t\vo modes (lmight
aIKi diln), Icquiriug  thcmal equilibrium paramct  e.rs to bc
flncd tuned fm pmpcr opcl-atim. Since the 17(I MI lz, lamp
dtivct. amplificl- is itself thcmally  scnsiti\’c,  the lhcrmal
cn\’immncnl  at the clcchmics  rack must remain in a 6 dcglcc
window  fol the lamp lcvc]. lior operation out of this
tcmpcl aturc rallp,c the lamp }mwcr  ICVCIS would requite a
small adjustment to maintain pmpcr switching. All of the
st:ttl[lai(ls’()]~ctatc in a good thcnnal environment ill the 1 )SN,
though a difl’crcnt 170 MI IZ amp]ificr with IOWCI thcmal
sctlsitivily  may bc includcc] in fLlturc vclsions  to make lamp
opc]ation  mole robust to liU”~C thcma]  changes in the
cnvil omncnt.

]iututc Physics }’ackagc Ilpgradc

AH 1 ktcndcd 1.illcar lon ‘1’mp (1 J’1’l i) has hccn u n d e r
development in ou] lab tk]- the last two ycam [ 18,1 9]. “1’his
]incat ion h a]) consists of two regions, a magilctically  shielded
region fur micmwavc  intcrmgation,  and a separate region fw
ion ]oading anct intcnogation with 194 nm li@t, ions arc
“SINIIIICLI”  l~ack and for(h bctwFccI~ tbcsc t\vo ]cgions with 1X;
potcmtials. ‘ J ’ h e r e  wc a IIUIIIbCI a d v a n t a g e s  of this

c.m)ti~ut  atiom  1’I actical  advantages arc the standard can  bc

sIIlallcI, lightel, and 10WCI c o s t .  I’hc majw main(clmnce

advantage  is that the lam]) and ]>hotoll~tllti]~]icl’”  tubes can bc

acccsscd without opening the maguc tic shic]ds. l>crfomancc
adval Itagcs, especially towal-ds  flwthcl  improvctncnts  of long
tcm stability and accul’acy should rcsLdt from opcratin~ at
I cduccd ion (icnsitics du]ing micmwavc  intcwo~ation.
II)c] c:lsrxt magnetic homogeneity will also allow opcratim  at
k)\vcI fields.

initial results frun a rcscwch vcl-sicm  of the 1,1’1’1 t
confip,LII ation produced equivalent signal to mist as with the
current 1.1’1’S  standaids  [8, 19]. 1.ongcl term stability
chal ackxiza(ion is in pmp,l css. An engineering prototype
“1,1’1’11“ rcplaccmcnt for the 1 ,1’1’S  physics package is hcing
designed to bc cxchangcablc  with the cm cnt ccmfigulation
and \vill usc the same clcctmnics assemblies dcvclopcd  fw tbc
cn:,inccl-in~ pmtotypc.

Q)I1C1US1011S

OY(T)= 2xlo”’4/’c”2 when operated with an ap}qwiatc  local
oscillalm’.

Tl]c tI appcd ion fi cqucncy st andard can operate with a vaiict y
of local oscillators(l ,()), including a quall~, cqsial, a
ctyogcilic dicktric rcsonatw oscillakw,  or a hydmgcn  maser.
‘1’hc  1.() cumcntly USCC1 in stand-alone opcratim in tbc 1 JSN is
a I IVA S(1 cut qual ti. cl-ystal oscillator with a fractional
f] cqucncy stability of 1,2 x 10-]3 fiwm 1 to 100 SCCOIICIS.  A
time k) analoguc c.onvc]tc]-  and intcglatm al c used to gcncl-atc
the hi~h rcsolutim control voltage nccdcd to SICCI  the VCX().
With a  quartz cryslal 1,0 the 1 ,1’1’S-4/V~X()  fl actimal
f] cqucncy stability” passes into the 10-lb stability l-cgion  at
about 1 day.

‘1’hc  leading Ihaintctlancc and lcmgcvity issues pcllain to lamp
and vacuum pump lifetime. l>mgrcss has been made cm lamp
f[]lmication,  which  now have a dcmmstlatcd  lifc(imc of more
Ulan tht cc years. Vacuum pump n~aintcnancc of 1.1’1’S-4 can bc
accmqllishcd without venting the main vacuum syst cm, whi cl]
should rcquil-c m openings for at least 1() ycam. ‘J’hc cmtml
clcctl onics arc built fi-om commercial p oducts where feasible,
aIId cngincctcd subsystems alc modular fm easy rcp]accmcnt.

‘l”hc same c]cctrol~ics  will also bc used with the IICW cxtcndcd
Iincat ion tlap contigLmatim currently undci dcvclopncnt.
‘1’his  altcmati\Jc physics package cmfip,uration will offer a
INanhcj ofad\’antagcs  including l-cduccd six,c and cost, casicl
lnain(cnamx, ,amd opclation at l-educed ion densities. This last
feat Llrc will be a key in achieving further impl ovcmmts to
long tcm stability and accuracy.

*“~}lls ~J,olk \l,as pcl-fol.lllcd at the .lct 1>1 opulsim 1.abo”akwy,
Glifbmia  Institute of ‘J’cchnology, undcl- contract to the
National Acronau[ics and Space Adlllil~is(latiol],

A mcrculy ]incar  ion trap frequency standard cnginccling
prototype, 1,1’1’s-4,  has been dcvclopcd for continuous
opc]a~ion  and tested in the NASA I )ccp Space Network.
Measured signal to noise, and atomic line Q indicalc that
1,1’1’S- 4 could achicvc a SIIOII  term stability pcrfomancc of


